Mutants of Aspergillus nidulans resistant to methylammonium toxicity are simultaneously derepressed in the presence of ammonium for apparently all ammoniumrepressible activities. Enzyme assays directly demonstrate derepression of nitrate, nitrite, and hydroxylamine reductases, xanthine dehydrogenase, urate oxidase, and allantoinase, whereas in vivo tests show that ammonium and methylammonium repression or inhibition (or both) is relieved in these mutants in pathways of nitrate assimilation, purine transport and degradation, and amino acid, amine, and amide catabolism. Ammonium and methylammonium uptake is apparently not defective in these mutants, for they grow normally on limiting levels of these ions as sole nitrogen source. There is no evidence that more than one gene can mutate to produce the methylammonium resistance (meaR) phenotype. Such mutations are semidominant in both heterocaryons and diploids. The ability of meaR mutations to effect derepression of activities specified by genes within another nucleus in a heterocaryon shows that the action of the mea product is not restricted to the nucleus. Three types of hypotheses might explain this generalized derepression. First, ammonium and methylammonium might not themselves be co-repressors but might require a metabolic conversion, blocked in these mutants, to become co-repressors. Secondly, the mea locus might specify an activity expressed in meaR but not wild-type (mea8) strains, which diminishes the concentration of ammonium and methylammonium participating in co-repression. Finally, ammonium repression might involve a macromolecular control element specified by the meaR locus and common to many or all ammonium-repressible systems. The existence of "regulation reversal mutations" at the meaR locus and the lack of uniformity and coordination with which different enzymatic activities respond to mutational derepression is most compatible with the last type of hypothesis.
The syntheses of a number of enzymes involved in nitrate assimilation and in purine degradation in the ascomycete fungus Aspergillus nidulans are both inducible by their co-inducers and repressible by ammonium (7, 10, 25, 29, 30) . A mutation leading to constitutive synthesis of nitrate, nitrite, and hydroxylamine reductases (23) and mutations leading to constitutive synthesis of xanthine dehydrogenase (29; Scazzocchio, in preparation) in the absence of their respective coinducers have been selected. Mutations leading to simultaneous loss of inducibility of nitrate, nitrite, and hydroxylamine reductases (23, 24) and mutations leading to simultaneous loss of xanthine dehydrogenase and urate oxidase (10, 11, 29, 30) have also been selected. The selection of mutations leading to insensitivity to ammonium repression in these systems could contribute to an understanding of the relationship between induction and repression and hence to the elucidation of the entire control mechanism.
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In addition, A. nidulans is suitable for the study of a further important aspect of metabolic control mechanisms, confined to eucaryotic organisms, that is the possibility of exploitation of the nuclear membrane as a permeability barrier.
Regulator genes in eucaryotes can, for example, be characterized by whether their products can cross the nuclear membrane. Similarly, specific transport systems regulating the flow of metabolites between the cytoplasm and the nucleus might offer possibilities not available in procaryotes. Pontecorvo (27) noted that the failure of two (nonallelic) mutations to complement in a heterocaryon in which each nucleus carries one of the two mutations indicates participation of the nuclear membrane in the control of gene action. Scazzocchio and Darlington (29) recently reported a situation of this sort with loci involved in purine degradation in A. nidulans. Here we describe another method for detecting a control role of the nuclear permeability barrier in certain instances in which the heterocaryon complementation test is not applicable. Siddiqi, Apte, and Pitale (31) reported that a possible regulator gene product of the aryl sulfatase system of A. nidulans is not confined to the nucleu. because a derepressing mutation is completely recessive in both diploids and heterocaryons. However, their mutation, which leads to loss of repression by sulfate while not affecting repressibility by methionine, cysteine, or cystine, could also be explained as loss of an enzymatic activity necessary for conversion of sulfate (but not methionine, cysteine, or cystine) to an actual co-repressor (but not necessary for use of sulfate as sulfur source).
This report describes some mutations selected for resistance to the toxic ammonium analogue methylammonium in A. nidulans. These mutations lead to generalized derepression of apparently all ammonium-repressible activities in the presence of arfmonium, but this phenotype does not result from inability to transport ammonium into the cell. The product of the locus for methylammonium resistance is not confined to the nucleus. Various models can be put forward to explain the methylammonium resistance phenotype. A preliminary report of this work was presented to the Genetical Society (3).
MATERIALS AND METHODS
A. nidulans strains and genetic techniques. The A. nidulans strains used carried markers which, with the exception of meaR and mau-mutations discussed here, are those in general use (4, 10, 12, 17, 23, 25, 29) . Genetic techniques were modified after Pontecorvo et al. (28) and McCully and Forbes (19) .
Media and supplements. Media and supplements as described by Cove (7) and modified after Pontecorvo et al. (28) were used. In vivo tests were performed on the nitrogenless solid minimal medium described by Cove (7) to which appropriate nitrogen sources and nutritional supplements were added. Methylammonium was added as the chloride salt, and ammonium was added as diammonium D-tartrate.
Hypoxanthine, uric acid, and allantoin concentrations given are sometimes in excess of solubility limits. In these cases, part of these substances remained as a reservoir in the solid phase.
Chemicals. Analytical grade chemicals were used whenever possible. 8-Azaguanine, 2-thioxanthine, and purine were obtained from Sigma Chemical Co., St. Louis, Mo.; 2-and 8-thiouric acids were gifts to C. Scazzocchio from F. Bergmann, Department of Pharmacology, Hebrew University, Jerusalem.
Selection of methylammonium-resistant mutants.
Because the original purpose of these experiments was to select mutations leading to derepression of the enzymes of nitrate assimilation, methylammoniumresistant (meaR) mutants were selected on a medium containing nitrate as nitrogen source. A number of ammonium analogues were screened in an effort to find one which, although not itself a nitrogen source, could mimic the ability of ammonium to act as a corepressor of the synthesis of the nitrate assimilation enzymes and thus lead to nitrogen starvation. Methylammonium chloride (100 mM) effectively prevents growth on a variety of nitrogen sources (at 10 mgatoms of nitrogen per liter) including nitrate, nitrite, a number of purines and purine degradation products, acetamide, and a number of amino acids. At 100 mm, methylammonium is not a nitrogen source for wildtype (meag) A. nidulans, although it is a moderately good nitrogen source at 1 mm. Thus, excess methylammonium appears to interfere with the synthesis or activity of enzymes responsible for its own metabolism.
[Ammonium repression of an activity converting methylammonium to ammonium has recently been observed (M. Bowron, personal communication).] Because urease is subject to only slight, if any, ammonium repression (30), it is not surprising that 100 mm methylammonium is only slightly toxic when 5 mM urea is supplied as nitrogen source. Methylammonium at 100 mm is not toxic in the presence of 10 mm ammonium. Methylammonium resistance mutations (meaR) were induced by diethyl sulfate mutagenesis as described by Alderson and Scazzochio (2) in bi-J, a translocation-free, biotin-requiring strain obtained from the Department of Genetics, University of Glasgow. Resistant colonies were able to grow on minimal medium supplemented with biotin and containing 10 mm sodium nitrate and 100 mm methylammonium chloride. Twenty independent mutations designated meaR_J to meaR-20 were selected and, unless otherwise stated, all twenty were used in phenotypic tests.
Selection of mutants unable to use nontoxic concentrations of methylammonium as a nitrogen source. Mutants unable to use low concentrations of methylammonium as a nitrogen source were selected in a methylammonium-resistant strain to avoid mutations which might be suppressible by an meaR allele. These mutations were induced in the strain y pyro-4 meaR-8 (yellow conidial color, pyridoxine-requiring, methylammonium-resistant) by N-methyl-N'-nitro-N-nitrosoguanidine by the method of Adelberg, Mandel; and Chen (1) as used by Darlington and Scazzocchio (10) . Colonies able to use 10 mm nitrate but not 1 mm methylammonium as nitrogen source were selected by using the replica plating technique of Mackintosh and Pritchard (20) . Two mutations designated mau-J and mau-2 were selected. They do not complement in heterocaryons. All further work was done with mau-2 because mau-J is appreciably "leaky." The mau strains were still methylammonium resistant like the parent strain, but they lost the ability to grow on either 100 mm or 1 mM methylammonium as a sole nitrogen source. Strains mau-2 and meaR-8 are both in linkage group IV but not tightly linked. Strain mau-2 is recessive in both diploids and heterocaryons.
The y pyro-4 meaR-8 mau-2 strain was then crossed to an meaS mau+ strain to obtain meaS mau-2 strains for further characterization of the biochemical lesion resulting from mau-2. (However, in no instance did the mutation meaR-8 affect the phenotype of mau-2 strains in the absence of methylammonium.) Strains mau-2 resemble the wild type with respect to the use of nitrate, ammonium, urea, acetamide, amino acids, purines, and diamines as nitrogen sources. In addition to VOL. 98, 1969 1285 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from methylammonium, they are defective in the use of 10 mM ethylammonium, n-propylammonium, dimethylammonium, trimethylammonium, n-butylammonium, diethylammonium (all as the chloride salt), and sarcosine (although the latter three are rather poor nitrogen sources even for the wild type). Amines with branched alkyl side chains as well as serotonin, spermine, and histamine are nitrogen sources for neither wild type nor mau-2 strains. The mau-2 mutation does not impair use of tyrammonium or,B-phenylethylammonium as nitrogen sources. Since a methylammonium-oxidizing system from Pseudomonas also oxidizes methanol, formaldehyde, and formate (13) , it is noteworthy that the mau-2 mutation does not effect utilization of ethyl alcohol or acetate as carbon sources. (Acetaldehyde is too volatile to test, and methanol and probably other one-carbon compounds cannot serve as sole carbons sources for A. nidulans.) Thus mau-2 strains seem to lack an oxidative or hydrolytic activity converting small aliphatic monamines to ammonium (such as a monoamine oxidase). Recent in vitro evidence supports this conclusion (M. Bowron, personal communication). In vitro analyses. Mycelium for enzyme assays was grown in shaken cultures at 25 C, harvested, and extracted as described by Cove (7) . Nitrogenless liquid minimal medium made 5 mm with reect to urea concentration and supplemented with biotin was used. Mycelium was grown for 21 hr before harvesting. Nitrate, nitrite, and hydroxylamine reductases were induced by making the medium 10 mm with respect to nitrate concentration 5 hr before harvesting. Xanthine dehydrogenase, urate oxidase, and allantoinase were induced by adding 100 jAg of hypoxanthine per ml 5 hr before harvesting. Repression was studied by making the medium 10 mm with respect to ammonium (as the D-tartrate) at the time of induction. Mycelium for the assay of nitrate assimilation pathway enzymes was extracted by using 100 mM orthophosphate buffer (pH 7.0), and mycelium for the assay of purine degradation pathway enzymes was extracted by using 100 mm pyrophosphate buffer (pH 8.5) .
Reduced nicotinamide adenine dinucleotide phosphate (NADPH)-nitrate oxidoreductase (EC 1.6.6.3) was assayed as described by Cove (7) . NADPHnitrite oxidoreductase (EC 1.6.6.4) and NADPH-hydroxylamine oxidoreductase (EC 1.6.6.4) were assayed as described by Pateman et al. (25) . Xanthine dehydrogenase was assayed by the method of Pateman (personal communication) following the, reduction of cytochrome c. Urate-oxygen oxidoreductase (EC 1.7.3.3) and allantoin amidohydrolase (EC 3.5.2.5) were assayed as described by Scazzocchio and Darlington (30) . The amount of soluble protein in extracts was estimated by the method of Lowry et al. (18) . Results are expressed as specific activities in enzyme units per milligram of protein. One unit of enzyme is defined as the amount of enzyme which can transform 1 nmole of substrate (NADPH for nitrite and hydroxylarnine reductases; oxidized cytochrome c for xanthine dehydrogenase; urate for urate oxidase) or form 1 nmole of product (nitrite for nitrate reductase; allantoate for allantoinase) in 1 min.
RESULTS
Evidence that the meaR genotype rslts In generalzed derepression of anmonlum-repible activities in the presence of ammonium. Table 1 lists specific activities for the wild type and four methylammonium-resistant mutants of six ammonium-repressible activities when uninduced, induced, and induced with simultaneous addition of ammonium. [However, there is no evidence that nitrite and hydroxylamine reductases are different enzymes in A. nidulans (25) .] In every instance the meaR strains are derepressed in the pres$nce of ammonium. Two other points should be noted from the data in Table 1 . First, whereas meaR-2 and meaR-6 lead to only partial derepression, meaR-1 and meaR-8 produce more than 100% derepression for some (meaR-I) or all (meaR-8) of the activities measured; i.e., induced enzyme levels are actually higher in the presence of ammonium than in its absence. Secondly, the extent to which a particular methylammonium mutation leads to derepression varies from activity to activity. Thus derepression is both varied and non-coordinate.
A number of results of in vivo tests confirm and extend the in vitro evidence. In vivo studies alone cannot distinguish repression of synthesis and inhibition of activity.
Methylammonium as a nitrogen source. Methylammonium-resistant mutants, unlike the wild type, can utilize 100 mm methylammonium as a nitrogen source. Thus repression or inhibition (or both) of the methylammonium-metabolizing system appears to be alleviated in these mutants.
[Derepression of a methylammonium-catabolizing activity, missing in mau-2 strains, has been demonstrated in meaR strains by enzme asys (M. Bowron, personal communication).] A consequence of this fact is that the efficiency of selection of meaR mutants results from their ability to use both the nitrogen source supplied (nitrate in the selection of these mutants) and the 100 nm methylammonium, whereas the wild type under the selection conditions can use neither. Other nitrogen sources in the presence of 100 mx methylammonium. By comparing the growth of meaRmaui strains and meaSmaru strains, the complication of methylammonium catabolism (providing both a nitrogen source and a detoxification mechanism) can be avoided, and the effect of the meaR allele on utilization of other nitrogen sources in the presence of methylammonium can be observed directly. The meaR-8 mau-2 strains grow better than meal mau-2 strains on all of the following nitrogen sources in the presence of tate, 2.5 mM L-arginine (hydrochloride), 10 mm L-alanine, 100 mg of hypoxanthine per ml, 5 mm L-ornithine (hydrochloride), 10 mm glycine, 5 mm L-asparagine, 10 mM acetamide, 10 mm sodium nitrate, and 100 mg of uric acid per ml.
Thus the meaR allele affects ammonium repression, inhibition, or both in a number of different metabolic routes. The exact sites of ammonium repression, inhibition, or both are known for only those routes which have been analyzed biochemically and genetically in A. nidulans, i.e., the nitrate assimilation and purine degradation pathways. Ammonium represses the syntheses but does not affect the activities of nitrate, nitrite, and hydroxylamine reductases (7, 25; Cove, unpublished data). Xanthine dehydrogenase, urate oxidase, allantoinase, and allantoicase are all markedly repressed by ammonium, whereas ureidoglycollase and urease show slight ammonium tepression (30) . The uric acid-xanthine uptake system is repressed, inhibited, or both by ammonium, and the adenine-guanine-hypoxanthine uptake system is probably inhibited by ammonium, whereas any effect by ammonium on its synthesis remains unknown (10; Scazzocchio, personal communication).
On the other hand, ammonium might not affect transport of amino acids. Ammonium has no effect on the repair of lys-5 strains by L-lysine, arg-i strains by L-arginine, orn-7 strains by L-ornithine or L-arginine, phen-2 strains by DLphenylalanine, or s-3, s-12, s-50, or s-i strains by L-cysteine, D-methionine, or L-methionine. However, Grenson (15) presented some evidence that in Saccharomyces cerevisiae ammonium might interfere with uptake of amino acids in sufficient quantity to serve as nitrogen source while allowing sufficient uptake for the repair of specific auxotrophies.
Repair of adenine requirements in the presence of ammonium. The nonallelic mutations ad-i, ad-14, ad-20, ad-23, and ad-50 all respond to hypoxanthine and to adenine (14) . The ad-i strains accumulate 5-aminoimidazole ribonucleotide (AIR), which they are unable to convert to 5-aminoimidazole-4-carboxylic acid ribonucleotide, whereas ad-14, ad-20, and ad-23 all produce blocks before AIR formation (14) . Strains carrying any of these mutations grow normally in the presence of 100 ,ug of hypoxanthine per ml or 500 ,umoles of adenine with 5 mm urea as nitrogen source, with the exception of ad-i strains which are inhibited by accumulated AIR. When 10 mm ammonium is supplied as nitrogen source, ad-23 and ad-i grow very poorly, ad-14 strains grow rather poorly, and ad-20 and ad-S0 strains grow almost, if not completely, normally (A. J. Darlington, personal communication). The ability of an meaR mutation to overcome this form of ammonium toxicity was demonstrated by the lack of VOL. 98, 1969 such an ammonium effect in ad-23 meaR-8 double mutant.
Although ammonium inhibition of the adenineguanine-hypoxanthine permease has been demonstrated (10; Scazzocchio, personal communication), the selectivity of the ammonium effect on repair of adenine requirements would seem to preclude its explanation on this basis. However, a hypothesis of the same genre as that of Grenson (15) , previously cited to explain the effect of ammonium on amino acid uptake in S. cerevisiae, can be formulated. It is possible that ammonium inhibition (and perhaps also repression) of the adenine-guanine-hypoxanthine permease is sufficiently strong to prevent uptake of a large enough quantity of the purines to repress or inhibit the enzymes of de novo purine biosynthesis but not strong enough to prevent the uptake of a quantity of the purines sufficient for essential biosynthesis. If so, ammonium should inhibit growth of an ad strain in proportion to the toxicity of the intermediate of purine biosynthesis which it accumulates. This explanation is consistent with the drastic effect of ammonium on ad-i strains which accumulate AIR, whose toxicity was first demonstrated by Mitchell and Mitchell (22) , and also with data of Scazzocchio (personal communication) which indicate that ammonium is unlikely to reduce adenine uptake by more than 50% under these conditions. Reversal of chlorate toxicity by ammonium. Nitrate reductase catalyzes a lethal reduction of chlorate, and mutants of a number of bacteria (26) and A. nidulans (Cove, unpublished data) lacking nitrate reductase activity are chlorateresistant. Ammonium, by repressing nitrate reductase synthesis, partially protects wild-type strains against chlorate toxicity. The meaR strains are more inhibited than mea9 strains by 100 mm KC103 in the presence of 5 mM ammonium.
Reversal of bromate toxicity by ammonium. Nitrite reductase catalyzes a lethal reduction of bromate such that mutants of A. nidulans lacking nitrite reductase are resistant to bromate toxicity (Cove, unpublished data). Ammonium, by repressing nitrite reductase synthesis, partially alleviates bromate toxicity; meaR strains are inhibited more than wild type by 100 mm KBrO3 in the presence of 10 mm ammonium.
Reversal of molybdate resistance of mutants lacking nitrate reductase by low levels of ammonium. Mutations at the niaD, cnxB (and allelic cnxA and cnxC), cnxF, cnxG, and cnxH loci leading to loss of nitrate reductase activity (24, 25) confer pleiotropically resistance to molybdate toxicity, probably owing to constitutive synthesis of a nonfunctional but nevertheless molybdenumcontaining (and therefore molybdate-detoxifying) nitrate reductase (Arst and Cove, in preparation). This molybdate resistance is only expressed in the absence of ammonium or other nitrogen sources likely to produce large intracellular ammonium pools. Thus it resembles the extreme sensitivity to ammonium repression of the syntheses of mutant nitrate reductase and wild-type nitrite reductase in these mutants (9) . On relatively limiting nitrogen sources such as 100 mg of hypoxanthine per ml, uric acid, or allantoin or 2.5 mM L-glutamate, these nitrate-reductaseless mutants are resistant to 33 mM NaMoO4 whether or not they also carry an meaR mutation. However, in the presence of 5 mM L-glutamate or 2.5 mM urea, meaR-8 niaDI7 and meaR-2 niaDl7 strains are molybdate-resistant, whereas meas niaDJ7 strains are not.
Understanding of the remaining in vivo tests is facilitated if the steps of purine uptake and breakdown in A. nidulans are kept in mind. Figure 1 is modified after Darlington and Scazzocchio (10) and Scazzocchio and Darlington (29) .
Protection against 8-azaguanine toxicity by ammonium. 8-Azaguanine is a toxic substrate of the adenine-guanine-hypoxanthine uptake systems (10) . At 100 mg/ml its toxicity is in part relieved by 10 mm ammonium, presumably due to inhibition (perhaps also repression of the synthesis) of the uptake system (10; Scazzocchio, personal communication). This ammonium-protective effect occurs in both meaR and meaS (wild type) strains. This might be interpreted as indicating that ammonium inhibition of the adenine-guanine-hypoxanthine uptake system occurs in meaR as well as in wild-type strains, although no definite conclusions can be drawn in the absence of more information concerning the metabolism and sites of toxicity of 8-azaguanine in A. nidulans as well as information as to whether ammonium can repress synthesis of this uptake system. Enhancement of purine toxicity by ammonium. Purine, a substrate of the adenine-guanine-hypoxanthine transport system, is toxic but can be detoxified by oxidation (to uric acid) catalyzed by xanthine dehydrogenase (10; Scazzocchio, in preparation). Apparently repression of xanthine dehydrogenase by ammonium does more to enhance purine toxicity than ammonium inhibition of the transport system does to relieve it, because 250 ,ug of purine per ml is more toxic to wild type in the presence of 10 mM ammonium than in the presence of 5 mm urea. When no alternative nitrogen source is supplied so that purine alone must be used, meaR and wild-type (mea8) strains grow equally poorly. However, in the presence of 10 mM ammonium, meaR strains grow considerably better than wild type, presumably owing to derepression of xanthine dehydrogenase. formation of green conidial pigment by thiopurines. 2-Thioxanthine, 2-thiouric acid, and 8-thiouric acid, all substrates of the uric acid-xanthine uptake systems, inhibit the formation of green pigment in conidiospores, provided that they undergo an intracellular conversion (requiring the integrity of the ua Y locus; 2, 10; Scazzocchio, Ph.D. Thesis, University of Cambridge). However, 10 mM ammonium prevents this effect on pigmentation either by interfering with the required cellular conversion (the ua Y function) or by preventing uptake of the thiopurines, or both. Ammonium protection against 2-thioxanthine also involves repression of xanthine dehydrogenase. The meaR strains differ from wild type in that formation of their green conidial pigment it still sensitive to 2-thioxanthine, 2-thiouric acid, and 8-thiouric acid in the presence of 10 mm ammonium.
Ammonium protection against uric acid toxicity in strains having defective structural genes for urate oxidase. Mutants defective at the uaZ locus-the probable structural gene for urate oxidase-accumulate uric acid, which is toxic after an intracellular conversion requiring the integrity of the ua Y locus (10, 29) . The uaZ strains are severely inhibited if hypoxanthine (oxidized in vivo to uric acid in the presence of xanthine dehydrogenase) or uric acid is added to the medium at 1 mg/ml, but this toxicity is alleviated by 10 mm ammonium (10) . Ammonium protection could involve repression or inhibition, or both, of several or all of the following activities: the adenine-guanine-hypoxanthine uptake system, xanthine dehydrogenase, the uric acid-xanthine uptake system, and the intracellular conversion necessary for the toxicity of uric acid. However, 10 mM ammonium does not protect meaR-8 uaZII double mutants against uric acid toxicity in the presence of either uric acid or hypoxanthine.
Ammonium protection against allantoin toxicity in strains having defective structural genes for allantoinase. Strains defective at the alX locusthe probable structural gene for allantoinase-can accumulate allantoin, which is toxic (10) . There is no evidence that an intracellular conversion (analogous to that catalyzed by the uaY product) is necessary for allantoin toxicity or that allantoin acts directly. The addition of 1 mg of hypoxanthine per ml (oxidized in vivo to allantoin in the presence of xanthine dehydrogenase and urate oxidase), uric acid (oxidized in vivo to allantoin in the presence of urate oxidase), or allantoin severely inhibits alX strains. At 10 mm, ammonium alleviates this toxicity by repression or inhibition, or both of several or all of the following activities: the adenine-guanine-hypoxanthine uptake system, the uric acid-xanthine uptake system, the allantoin uptake system, xanthine dehydrogenase, and, if required, an intracellular conversion of allantoin to a toxic form. (Repression of urate oxidase would also occur, but, owing to the toxicity of uric acid, this would not be a detoxification mechanism.) The alX-4 meaR-2 and alX-4 meaR-8 double mutants are not protected from allantoin toxicity due to hypoxanthine, uric acid, or allantoin by 10 mm ammoniuri.t Growth on limiting ammonium and methylammonium as nitrogen sources. The meaR strains are ph-iotypically wild type with respect to growth -:t very limiting concentrations of ammonium or methylammonium as sole nitrogen source. At concentrations between 100 and 330 Mm, both of these ions are rate-limiting for growth.
Genetic analysis. Haploidization of heterozygous diploids located both the meaR (analyzed alleles: meaR-2, meaR-S, meaR-8) and mau-2 loci in linkage group IV. Meiotic mapping, combining data from two (statistically homogeneous) crosses with a total of 201 progeny, gave the following linkage. (The pyro-4 mutant causes a pyridoxine requirement.) pyro4 mau-2 24cm 40cm b1 M. Bowron (personal communicatiot.) has established the gene order pyro-4 paba-22 mau-2 (paba-22 causes a para-aminobenzoic acid requirement). There is no evidence that the meaR phenotype can result from mutation in more than one cistron. A cross between an meaR-8 (having higher induced enzyme levels in the presence of ammonium than in its absence) strain yielded no wild-type recombinants among over 2,000 progeny. An meaR-2/meaR-8 diploid is as resistant to methylammonium as meaR-2/meaR-2 and meaR-8/meaR-8 diploids (under conditions which do not distinguish the different extents of derepression of meaR-2 and meaR-8). Dominance relationships at the mea locus. The mutations meaR-2, meaR-S, and meaR-8 are all semidominant in heterozygous diploids (as determined by methylammonium resistance; meaR/ meaR diploids are as resistant as the corresponding meaR haploids). The mutations meaR-2 and meaR-8 have also been shown to be semidominant in heterozygous heterocaryons.
Ability of meaR mutation to derepress synthesis of products of genes in other nuclei. In heterocaryons, meaR mutations are semidominant even when they are in nuclei other than those containing a functional allele of the gene whose activity must be derepressed in order for the nitrogen source to be utilized; i.e., the meaR mutation affects genes both cis (in the same nucleus) and trans (in another nucleus) to it in a heterocaryon. (In this extension of cis-trans terminology to heterocaryons, any two mutations can be cis or trans with respect to each other, whereas, in the corresponding diploid, cis-trans terminology can be applied only to mutations in the same linkage group.) This was shown by an experiment comparing heterocaryons of the following partial genotypes: mau-2 mea8 niaD17 + mau-2 meaS niaD+ (homozygous sensitive) mau-2 meaR-8 niaD17 + mau-2 meaS niaD+ (trans heterozygote) mau-2 meas niaD17 + mau-2 meaR-8 niaD+ (cis heterozygote) mau-2 meaR-8 niaDJ7 + mau-2 meaR-8 niaD+ (homozygous resistant) (Strains listed as carrying niaD17, causing inability to use nitrate as nitrogen source, also carried bi-l, a biotin auxotrophy; niaD+ strains also carried paba-1, a p-aminobenzoic acid auxotrophy, and fw, fawn conidial color.) Balanced heterocaryons were preestablished on unsupplemented minimal medium containing nitrate as nitrogen source. This combination of nutritional deficiencies allows balanced heterocaryons having approximately equal numbers of fawn and green conidiospores, which, according to Clutterbuck and Roper (5) , indicates that the heterocaryons contain about the same number of nuclei of the two component strains. Formation of diploid sectors, which occurs from time to time, does not hinder interpretation of results because such diploid sectors differ from the heterocaryons both in growth habit and in having conidiospores of a single color, a green lighter than that of wild-type haploids. The prebalanced heterocaryons were then transferred to minimal medium containing 50 mM methylammonium chloride and 10 mm sodium nitrate. On this medium the same nutritional deficiencies ensure that all growth be heterocaryotic but, in addition, derepression of the niaD+ allele is required for nitrate assimilation. (Since all heterocaryons were homozygous for mau-2, only nitrate could serve as nitrogen source.)
The niaD locus is the structural gene for the nitrate reductase apo-enzyme (25; Cove, unpublished data). The nitrate reductase protein, specified by the niaD locus, also possesses NADPHlinked cytochrome c reductase activity (8, 24) and this activity is, like nitrate reductase activity, ammonium-repressible (25) . Although some mutations at the niaD locus abolish this ammoniumrepressible (and nitrate-inducible, in the wild type) cytochrome c reductase, others such as niaD17 do not (24, 25) . The necessity for showing that the synthesis of the niaD product is ammonium-repressible results from the fact that active nitrate reductase has components specified by more than one gene (25) . Ammonium repression of nitrate reductase activity could in principle result from repression of synthesis at as few as one of these loci. It is therefore necessary to establish that the product of the gene (niaD) whose expiession serves as a measure of the ability of an meaR mutation to effect derepression trans in a heterocaryon is itself sensitive to methylammonium (i.e., is repressed or inhibited by ammonium). For this reason (and also because heterocaryotic growth on methylammonium as nitrogen source is too poor to permit an unequivocal, result), the analogous but slightly simpler experiment of observing the effect of an meaR mutation cis and trans to mau-2 in a heterocaryon growing on an inhibiting concentration (vis-a-vis the wild type) of methylammonium as sole nitrogen source would not have been rigorous. There is no conclusive evidence that the mau-2 locus is the sole genetic determinant of methylammonium catabolism and therefore that the mau-2 product is itself subject to ammonium repression or inhibition (even though some component of this system must be).
Hence, in balanced heterocaryons having equal numbers of nuclei of the two component strains, the meaR product can be considered to operate both cis and trans if, with respect to growth on the nitrate plus methylammonium medium, the following relation holds: homozygous sensitive< heterozygous trans = heterozygous cis< homozygous resistant. If, on the contrary, an meaR mutation can derepress only genes located in the same nucleus, we should find: homozygous sensitive = heterozygous trans < heterozygous cis = homogyzous resistant. Figure 2 shows clearly that meaR-8 is capable of derepressing a gene located in a nucleus other than its own in a heterocaryon.
Inability of meaR mutations to suppress mutations causing noninducibility. The nirmutations (former notation: niiB) lead to loss of inducibility of nitrate, nitrite, and hydroxylamine reductases and are probably allelic with a mutation leading to constitutive syntheses of these enzymes (23, 25; Cove, unpublished data). The uaY mutations are characterized by the loss of inducibility of xanthine dehydrogenase and urate oxidase (10, 11, 29, 30) . An meaR mutation is not epistatic to these losses of inducibility as evidenced by the inabilities of meaR-2 nir--l and meaR-8 nir--l double mutants to grow on nitrate or nitrite and of meaR-8 uaY-9 double mutants to grow on hypoxanthine or uric acid as sole nitrogen sources.
DISCUSSION
Derepression of ammonium-repressible activities in the presence of ammonium or methylammonium in meaR mutants is very general and probably includes all ammonium-repressible activities. Unfortunately there is as yet no conclusive in vivo test for ammonium or methylammonium inhibition, and thus it is not known whether these also are affected by meaR mutations. In most of the instances in which in vitro data are availablethe nitrate assimilation pathway enzymes (7, 25) , the purine degradation pathway enzymes (10, 30, 31) , and the methylammonium-catabolizing activity (Bowron, personal communication)-there is ammonium repression and, where tested, lack of ammonium inhibition. To give an unequivocal result, an in vivo test for inhibition must use a system where repression does not also occur.
The ability of meaR strains to grow as well as wild type on limiting concentrations of ammonium and methylammonium as nitrogen sources would seem to rule out defective transport of these substances into the cell as a possible cause of generalized derepression. Moreover, the ability of ammonium actually to raise enzyme levels in certain meaR mutants and the lack of uniformity of the extent of derepression among the various enzymes assayed, as well as the semidominance of meaR mutations, are all difficult to reconcile with a simple transport defect.
However, a choice among the following three types of hypotheses is more difficult.
(i) Ammonium and methylammonium might not themselves be co-repressors but might require a metabolic conversion (unnecessary for their use as nitrogen sources) to become co-repressors. This metabolic conversion could be either the formation of different chemical entities or the transport of ammonium and methylammonium from one compartment of the cell to another (e.g., from the cytoplasm to the nucleus). The mea locus would, accordingly, specify either an enzyme or "intracellular permease" catalyzing this conversion.
(ii) The mea locus might control the expression of an activity which diminishes the concentrations of ammonium and methylammonium participating in co-repression. This depletion mechanism could be either a chemical transformation of ammonium and methylammonium or their displacement to a pool not participating in co-repression. The range of depletion mechanisms is, however, restricted to those which do not affect, either positively or negatively, utilization of ammonium and methylammonium as nitrogen sources and which do not provide a route alternative to that of the mau-2 reaction for the use of methylammonium as a source of nitrogen. Furthermore, the product of this activity, given either ammonium or methylammonium as a substrate, could not be appreciably toxic.
(iii) Ammonium repression might involve a macromolecular control element common to most or all ammonium-repressible systems and specified by the mea locus.
The first piece of evidence relevant to choosing among these hypotheses is the ability of ammonium actually to raise levels of ammoniumrepressible enzymes in certain meaR mutants. This is not easily compatible with either of the first two hypotheses, both of which explain the meaR phenotype by a lowering of co-repressor concentration. However, if the mea locus produces a macromolecular control element, certain mutant control elements might display "regulation reversal," i.e., result in induction rather than repression by ammonium. Somewhat analogous situations have been reported foi other systems [6; Wilson et al. as cited by Jacob and Monod (16) ].
The variation and non-coordination in the extent of derepression of different enzyme syntheses from allele to allele at the mea locus is similarly difficult to reconcile with hypotheses i and ii, basing the meaR phenotype on a simple lowering of co-repressor concentration, but quite compatible with the third type of hypothesis, because a macromolecular control element would be expected to undergo conformational changes upon the addition of an effector. A change in co-repressor concentration should affect all individual control systems coordinately, whereas each mutational change in a control macromolecule should have a unique effect on each control system with which that macromolecule interacts. A similar argument has been used by Marzluf and Metzenberg (21) to explain the role of the cys-3 locus of Neurospora crassa.
Thus the available evidence favors a model in which the mea locus specifies a macromolecular control element common to many ammoniumrepressible systems. The ability of an meaR mutation to derepress genes trans to it in a heterocaryon indicates that such molecules must be capable of crossing the nuclear membrane if regulation is at the transcription level. The meaR mutations in diploids and heterocaryons could be explained as a result either of positive control with a stringent dose effect or of both positive and negative controls. Mutations leading to constitutive syntheses of nitrate reductase (23) and of xanthine dehydrogenase (29) in A. nidulans are, like meaR mutations, semidominant.
Further studies will include comparative analyses of the metabolic fate of '4C-methylammonium in meaRmau-2 and measmau-2 strains and an attempt to isolate and characterize the product of the mea locus. In addition, mutations leading to specific derepression of a single ammoniumrepressible enzyme or group of enzymes on a single pathway would be useful in the elucidation of the role of the mea locus as well as in the investigation of the control systems they affect.
